Iron nitroprusside (FeNP) particles have been synthesized from drop by drop (n-FeNP) and bulk mixing (BM) (b-FeNP) methods. FeNP particles obtained from both methods were characterized using X-ray diffraction (XRD) and scanning electron microscopy (SEM). n-FeNP particles were used in constructing modified carbon paste electrode (CPE), which has been further used for electrochemical studies. The effect of pH and electrolyte cation on the electrochemical behavior of n-FeNP modified CPE has been studied in detail. Oxidation of nitrite and reduction of peroxodisulfate reactions have been electrocatalyzed at two redox centers of n-FeNP modified CPE. Based on the electrochemical experiments conducted and Tafel plots, mechanism for both the reactions has been proposed. Both the analytes were estimated in soil and ground water samples using n-FeNP modified CPE and the results were validated with the help of standard methods.
Introduction
Peroxodisulfate is used in several industries for various purposes such as chemical etching in the electronics industry, for pulp and paper processing in paper industry, in primary components of consumer products such as hair coloring, swimming pool treatment products and used in food additives as a flour treatment agent. It is frequently used as a cause for ground water decontamination and soil remediation. 1 Peroxodisulfate is very hazardous when it is in contact with skin, eyes, ingested and inhaled. Prolonged exposure may result in skin burns and ulcerations with over-exposure by inhalation causing respiratory irritation. 2 Electroreduction of peroxodisulfate anion, its dependences on the various factors and complications caused by adsorbate formation were studied. 3 Polynuclear mixedvalent metal oxide/metalocyanide and heteropolytungstate composite films were prepared but only electrocatalytic reduction of peroxodisulfate was performed on them just to check their electrocatalytic mediation without giving much emphasis on developing method for peroxodisulfate. [4] [5] [6] Few methods have been reported for the detection of peroxodisulfate using Prussian Blue, poly(brilliant cresyl blue) and naphthol green B. [7] [8] [9] [10] Nitrite enters environment from inorganic fertilizer, sewage, human and farm animal waste. It is used as an antimicrobial, a color fixative and a preservative agent in food products. 11 Hence, nitrite has become ubiquitous in environmental and in food systems. Due to the potential toxicity of the nitrite, serious concerns have been raised on its levels in various matrices. 12 World Health Organization recommends 3 mg L -1 nitrite as the maximum limit in drinking water. 13 Nitrite can diminish the oxygencarrying capability of an infant's blood, causing the skin to turn a bluish color called blue baby syndrome. 14 It can also react with amines to form carcinogenic N-nitrosamines. 15, 16 Compton and co-workers 17 have reviewed the importance, various strategies adopted for the development of methods for the detection and determination of nitrite. Some important reaction pathways that form the basis for most of the methods are generalized. Developed methods spill in various categories such as florescence, 18, 19 spectrophotometry, [20] [21] [22] chromatography 23 and electrochemistry. [24] [25] [26] [27] Among them electrochemical methods are known to be advantageous because they are sensitive and less laborious. Wide variety of substances like pthalocyanine complex of iron or copper, 28, 29 organic compound such as p-duroquinone (tetramethyl-pbenzoquinone), 30 copper nanoparticles, 31 and surfactant such as didodecyldimethylammonium bromide 32 have been 33 Similarly another polynuclear mixed metalion complex, i.e., palladium pentacyanonitrosyl ferrate has been chemically deposited on the aluminum electrode and worked as an electrochemical sensor for the quantification of nitrite. The mechanism and kinetics of the catalytic oxidation of nitrite reaction were investigated using cyclic voltammetry, rotating disk electrode (RDE) voltammetry and chronoamperometry. 34 Prussian Blue (PB) or ferric hexacyanoferrate is one of the coordination compounds known since ancient days. Other metal hexacyanoferrates (MHCF) where M = Cu, Ni, Pb, Ag, Co, etc., are known as Prussian Blue analogues. Karyakin 35 reviewed the fundamental aspects of deposition, structure and electrochemistry of Prussian Blue and its analogues. Because of the sensitivity and selectivity MHCF have been used as electrochemical sensors for the electroinactive ions like Tl + , Cs + , K + , [36] [37] [38] easily oxidizable organic and inorganic compounds, 39, 40 transducer for hydrogen peroxide and also as biosensors. 41, 42 Hence, MHCFs can be considered as advanced sensing materials. Pentacyanonitrosyl ferrate is also called as a nitroprusside and it can be considered as another important member of polycyanide metal complexing agents. Similar to hexacyanoferrate, nitroprusside also reacts with various metal ions like Fe, Cu, Ni, Pb, Ag, Co, etc., to form the respective metal nitroprussides. Cadmium nitroprusside has been electrodeposited on glassy carbon electrode (GCE) and the various parameters influencing its electrochemical behavior were studied in detail. 43 Conducting surfaces like glassy carbon or aluminum electrodes are generally used for the electrodeposition of wide variety of metal nitroprussides from the aqueous solution containing a mixture of metal ion and nitroprusside ion or any one of them. Those modified electrodes were used for sensing sulfide, iodide, hydrazine, ascorbic acid, dopamine, etc. [44] [45] [46] [47] [48] Carbon ceramic electrodes have been constructed using lead and tin nitroprussides as the modifiers and used for the detection of L-cysteine and hydrogen peroxide. 49, 50 It is clear that metal nitroprussides also undergo reversible electron transfer and got wide applications like Prussian Blue and its analogues. Iron nitroprusside (FeNP) possesses two redox centers at the formal potentials 0.18 and 0.86 V, very similar to PB. 51, 52 Though its electrochemical properties are very similar to PB, FeNP has not been utilized as much as Prussian Blue.
From the above literature it is clear that peroxodisulfate/ nitrite ions exist in water samples, soil matrices and food products. Due to the potential toxicity and ubiquitous nature, there is a pressing need for the development of method for the determination of both analytes. Size reduced FeNP particles (n-FeNP) have been synthesized and used as a modifier to construct FeNP modified carbon paste electrode (CPE). Two sets of redox peaks exhibited by the n-FeNP modified CPE were used as the reaction centers for the electrocatalytic reduction of peroxodisulfate and nitrite oxidation. Water and soil matrices have been selected to examine the applicability of the prepared sensor.
Experimental

Materials
All experiments were carried out using double distilled water. All chemicals used are of analytical grade obtained from Sigma-Aldrich and used as received. Electrolyte solutions have been prepared by dissolving the respective salts in suitable buffer solutions.
A solution of 0.5 mol L -1 KNO 3 has been prepared by dissolving appropriate quantity of KNO 3 salt in buffer solution of desired pH. This solution is used as electrolyte. Acetate and phosphate solutions of 0.1 mol L -1 have been used to prepare buffer solutions.
Iron nitroprusside: synthesized using both bulk mixing and drop by drop methods inspired by the literature procedure 53 briefly described below. Drop by drop (DbD) method: using dropping funnel 10 mL of 0.01 mol L -1 sodium nitroprusside aqueous solution was added dropwise to 10 mL of 0.02 mol L -1 ferrous ammonium sulfate solution which was under vigorous stirring and thermostated at 5-10 °C. Iron nitroprusside complex obtained from this procedure is addressed as n-FeNP here onwards.
Bulk mixing method: 10 mL each of 0.01 mol L -1 sodium nitroprusside and 0.02 mol L -1 ferrous ammonium sulfate maintained at 5-10 °C were mixed at once. Iron nitroprusside complex obtained from this procedure is addressed as b-FeNP here onwards.
In both the above cases, pH of resultant turbid solution was set to acidic to avoid the formation of metal hydroxide. The solution was left overnight without disturbing. Next day the supernatant solution was decanted and the complex was collected by centrifuging the residue. The obtained complex was washed with copious quantity of water then with alcohol. Finally the resulting complex was collected and dried at room temperature. FeNP complex obtained from both procedures was used for all further studies. Vol. 26, No. 3, 2015 CPEs: modified and bare CPEs were constructed by following the same composition and procedure explained in the literature. 53 Handmade modified carbon paste electrode was prepared by thoroughly mixing the graphite powder with n-FeNP at 15:1 mass ratio and adding 38% (m/m) of mineral oil to the overall weight. Then, the resulting mixture was finely mixed by grinding in an agate mortar for 10-15 min. The obtained paste was packed into the capillary tube from the wider end. A copper wire was inserted from the opposite end of the capillary to obtain the electrical contact. Bare carbon paste electrode was prepared by following the above procedure but without using modifier, i.e., FeNP. These electrodes were dried for 24 h at room temperature and the resistivity was measured using a multimeter, which has been found to be 10-15 Ω.
Instrumentation
Electrochemical experiments were performed using CH Instruments electrochemical work station (model CHI 660D) in a standard three electrode cell. Modified carbon paste electrode was used as a working electrode, Pt wire as the counter electrode and Ag/AgCl as the reference electrodes. All the samples were characterized by X-ray diffraction (XRD) (Bruker aXS Model D8 Advance powder X-ray diffractometer, Cu Kα source λ = 1.5418 Å, θ-2θ geometry). Infrared (IR) spectra were recorded using a Bruker Alpha-T FTIR spectrometer (diamond crystal attenuated total reflectance (ATR) mode, resolution 4 cm -1 , 400-4000 cm -1 ). Scanning electron micrographs (SEM) were obtained using Quanta-200 scanning electron microscope by dispersing sample on a conducting carbon tape.
Methods
Procedure for cyclic voltammetry
Ten milliliters of 0.5 mol L -1 KNO 3 solution was taken in the electrochemical cell with three electrode system. Nitrogen gas was purged slowly for about 15 min to remove the dissolved oxygen. Then, the cyclic voltammogram was recorded by sweeping the potential from -0.2 to 1.2 V with a scan rate of 0.05 V s -1 .
Procedure for amperometry
Ten milliliters of 0.5 mol L -1 KNO 3 solution was taken in the electrochemical cell with three electrode system. Nitrogen gas was purged slowly for about 15 min to remove the dissolved oxygen. The electrolyte solution was kept stirring at the rate of 300 rpm. Potential of the solution was kept at 0.1 V vs. saturated calomel electrode (SCE) for peroxodisulfate and 1.15 V vs. SCE in case of nitrite. Once the background current reached a constant value, aliquots of the analyte were added by successive addition method and the amperogram was recorded.
Sample preparation
Water sample was analyzed without any pretreatment just after filtering using Whatman filter paper No. 41. Soil sample was prepared using the procedure described by Pandurangappa and Venkataramanappa 54 with small modification. Soil sample was collected from the agriculture land. It has been dried and ground to get a fine powder. Then it was sieved with 20 mesh sieves. One gram of soil sample was taken in a beaker and extracted using 5 mL 0.5% CaCO 3 for five times. Mixture was centrifuged to get a clear solution. Clear centrifugate was collected and made up to the mark with distilled water in 50 mL volumetric flask.
Results and Discussion
Characterization of iron nitroprusside particles
Synthesized FeNP was characterized using XRD and SEM to obtain the information about their phase purity, surface morphology and size of the particles. XRD pattern (Figure 1a ) consisted of sharp reflections at d-spacing corresponding to b-FeNP and it is well synchronized with the XRD pattern of Crystallographica pdf No. 1-239. SEM images of FeNP synthesized from both the methods were compared. Size of the FeNP particles was observably decreased and the agglomeration was found to be significantly less in case of particles obtained from drop by drop method. In contrast to this, bigger and completely agglomerated FeNP particles resulted from the bulk mixing method (Figure 1b) . The decrease in size and less agglomeration of the particles obviously result in the enhanced electrocatalytic activity. 55 Hence, n-FeNP has been used in all further studies.
Optimization studies Effect of pH
Effect of pH on the behavior of n-FeNP modified CPE was studied over the pH range 1-8 using 0.05 mol L 56 with little effect of pH on peak potentials and peak currents. As the pH was raised further, a significant decrease in the peak current was observed and the redox couples disappeared as the pH of the solution raised to 8 ( Figure 2 ). This can be explained due to hydrolysis of FeNP in alkaline condition. 57 After analyzing the obtained data, pH 4 was chosen as the optimum condition for further analysis. Also, from the literature, it was clear that optimized pH is suitable for the analysis of nitrite and peroxodisulfate. 34, 58 Effect of electrolyte cation During the electrochemical process there will be change in the charge of the complex anion of the n-FeNP mediator and this will be compensated by the electrolyte cations present in the solution. Hence, performance of different alkali metal cations has been tested in maintaining the electroneutrality of the FeNP. Cyclic voltammograms (CVs) were recorded for n-FeNP modified CPE in 0.5 mol L -1 solution of different cations, i.e., Li + , Na + and K + , prepared using acetate buffer solution of pH 4 (CVs not shown). Well-defined voltammograms with good peak currents are observed in the case of K + ions, however, poorer responses with decreased peak currents were observed with other cations. This behavior is commonly observed in case of metal hexacyanoferrates and metal nitroprussides due to their zeolite (cage)-like structure. 51, 59, 60 Size of the hydrated-cation radii is in the reverse order as that of their cation radii. Hence, the hydrated K + ions have the smallest size (1.25 Å) while the hydrated Na + and Li + ions have the greatest size (1.85 and 2.35 Å, respectively). Cage radius of the FeNP might be smaller than that of hydrated Na 5 NO], respectively, which is consistent with literature data. 52 To confirm that the redox reaction occurring at the n-FeNP modified CPE is surface confined, CVs were recorded for the n-FeNP modified CPE at different scan rates (Figure 3a ). Anodic and cathodic currents resulting at +0.15 and +0.87 V were plotted against scan rates (Figures 3b and 3c) . Both anodic and cathodic currents at two potentials were directly proportional to the scan rates over the range studied. This confirms the redox process occurring on the modified electrode is surface confined. 62 Characterization of redox reactions on iron nitroprusside particle modified carbon paste electrode
CVs were recorded in the absence and presence of 0.6 mmol L -1 nitrite in 0.5 mol L -1 KNO 3 at pH 4 and 0.05 V s -1 ( Figure 4 ). Anodic peak current was significantly increased with decrease in the cathodic peak current at +0.86 V. This infers the mediated oxidation of nitrite at the n-FeNP modified CPE.
Similarly, CVs were recorded in the absence and presence of 1 mmol L -1 peroxodisulfate ( Figure 5 ). Cathodic peak current was considerably increased with decrease in the anodic peak current at 0.18 V due to the electrocatalytic reduction of peroxodisulfate without altering the redox peaks at 0.86 V. Therefore, electrocatalytic oxidation of nitrite and reduction of peroxodisulfate can be carried out using the n-FeNP modified CPE.
Then, CVs were recorded for the bare CPE in the absence and presence of both the analytes by following the above-described CV procedure ( Figure 6 ). Electrocatalytic response of the n-FeNP modified CPE towards the analytes was comparatively greater when compared with that of the bare CPE.
To understand the type of process involved in the oxidation of nitrite and reduction of peroxodisulfate, CVs were recorded using n-FeNP modified CPE in the presence of 2 mmol L -1 peroxodisulfate and 0.6 mmol L -1 nitrite at varied scan rates (not shown). Electrocatalytic currents due to the oxidation of nitrite at 0.87 V at varied scan rates were plotted against the square root of scan rates. Similarly, cathodic peak currents due to the reduction of peroxodisulfate at 0.18 V and different scan rates were plotted vs. the square root of scan rates (not shown). In both the above cases electrocatalytic currents were found to be proportional to the square root of the scan rates. This confirms both processes, i.e., electrocatalytic oxidation of nitrite and reduction of peroxodisulfate are diffusion controlled. 63 This behavior is suitable for the quantitative estimation of analytes. Further, plot of scan rate normalized currents (I a and I c ) against scan rate resulted in graphs (Figures 7a and 7b) having typical shape of electrochemical (EC') catalytic process for both reactions. 64 To obtain the information about the number of electrons participating in the rate-determining step of reduction of peroxodisulfate, Tafel plots ( Figure 8A electron (n = 1) is participating in the rate-limiting steps of both reactions, the value of transfer coefficient (α) will be equal to 0.26 and 0.37 in the case of peroxodisulfate and nitrite, respectively. For most electrode processes α ranges between 0.75 and 0.25. Hence, it is clear that one electron is participating in the rate-limiting steps of both the reactions and they are independent of concentration of analytes. 62, [65] [66] [67] From the conducted electrochemical studies, it can be inferred that the oxidation of nitrite and reduction of peroxodisulfate at n-FeNP modified CPE are the mediated reactions and one electron participates in rate limiting steps of both the reactions. Though no experiments have been conducted to confirm the resulting products, with the help of the reported literature 34 (Figure 9b ). Important features of the methods developed for the quantification of nitrite/peroxodisulfate based on the modified electrodes are listed in Table 1 along with the proposed method. It can be inferred from Table 1 that the analytical figures of merit of the proposed method are almost equivalent/superior when compared with the listed methods.
Interference study
Interference from the various cations (Ca generally present in water and soil matrices was checked using the amperometric technique for each analyte separately by following the procedures explained above. Any ion which caused error of ≥ 5% in determining the analyte was considered as interfered. SO 3 2-interfered seriously even at 2 ppm level in the determination of nitrite. This was overcome by adding 1 mL of 1% formaldehyde solution to sample matrix to form the stable CH 2 OHSO 3 -adduct. 74 Application study
To check the applicability of the method, soil and ground water samples were chosen because the probability Values are the average of three measurements. of finding both analytes in these samples is higher. The sample solutions were carefully prepared by following the above-described procedures. Then, suitable quantity of the sample solution was taken and analyzed using the described amperometric procedure. Known quantity of the analyte was added to the treated samples and estimated to examine its recovery. Nitrite and peroxodisulfate were also estimated from the Griess-Ilosvey and iodimetric methods, respectively, 75 to validate the results obtained from the proposed method. Good agreement between the results obtained from the proposed and standard methods was observed (Table 2) . Vol. 26, No. 3, 2015 
Conclusions
Drop by drop method results in reduced size and less agglomerated FeNP particles, which were confirmed by SEM images. Both redox active centers of FeNP have been successfully utilized to develop an electrochemical sensor for the quantification of peroxodisulfate and nitrite. From the current voltage graphs it was clear that both reactions proceed through an EC' mechanism and one electron transfer takes place in rate-limiting steps. Both the analytes were estimated in soil and ground water samples using the proposed method. Obtained results were found in good agreement with the results obtained from standard analytical methods. Using the developed single electrochemical sensor, two analytes such as nitrite and peroxodisulfate in water and soil samples can be quantified.
